Gold Catalysts
Silver Salt Additives 
Introduction
Homogeneous gold catalysis had found only limited use in organic synthesis up until the year 2000, 1 when the advantages of gold complexes as catalysts were first recognized. Intense research activity in this area of catalysis followed, as documented by a number of reviews that have since been published. 2 After much work on methodology, an increasing number of applications in the synthesis of natural products have been reported in recent years. 3 One of the early reactions in this rapidly developing field was the gold-catalyzed addition of water and alcohols to alkynes 4 -a reaction previously dominated by mercury(II) and strongly acidic conditions 5 or, according to Reppe, 6 the direct nucleophilic addition of alcohols to alkynes under strongly basic conditions. This reaction not only showed the benefits of gold catalysis, it has also guided the selection of the reaction types to be covered in this review, namely the addition of an X-H bond to a C-C multiple bond, with X being an electronegative heteroatom. The literature up to the early part of 2010 is covered. By extension, the intramolecular addition of X-H to C-C multiple bonds has become a very effective tool in the synthesis of heterocyclic compounds from easily available starting materials.
Gold-Catalyzed Addition of X-H Bonds to Alkynes
Alkynes are more reactive than allenes or alkenes when activated by a gold catalyst, and have thus been the most studied of the three. A theoretical understanding of this strong reactivity has been difficult to achieve, and most of the theoretical calculations published do not properly address the effects specific to gold. Only recently, has a full computational study of gold-alkyne complexes been published. 7 
Addition of Water, Alcohols, and Sulfonic Acids
As mentioned in Section 1, the first reactions were conducted with water and alcohols as the nucleophiles and gold(III) in the form of NaAuCl 4 as the catalyst. In this pioneering work, Utimoto and co-workers observed a Markovnikov addition to the alkyne: with terminal alkynes, water delivered methyl ketones while methanol gave ketals (Scheme 1). 4 Internal alkynes did not react regioselectively, and, therefore, symmetrical alkynes had to be employed to obtain a single addition product.
Teles and co-workers subsequently reported that cationic gold(I) phosphine, phosphite, and arsine complexes are extremely efficient catalysts for these conversions, achieving turnover numbers (TONs) of up to 10 5 moles of product per mole of catalyst and turnover frequencies (TOFs) of up to 5,400/h. 8 Herrmann's group reported successful conversions too by employing NHC-gold(I) complexes. 9 Nolan and co-workers observed TONs similar to those reported by Teles and TOFs of up to 4,700/h for the addition of water to alkynes, also catalyzed by NHC-gold(I) complexes. 10 Other systems with fluorinated 11 or water-soluble 12 counterions have been investigated. Nevertheless, phosphines and the weakly coordinating BF 4 -and TfO -have been the most used ligands and counterions, respectively. 13 Apart from the intermolecular ketal formation, select mixed intra-and intermolecular examples have been reported (Scheme 2). 8, [14] [15] [16] [17] [18] Propargyl alcohol can dimerize and combine with two molecules of methanol as an external nucleophile to form a cyclic bisketal, 8 a pathway that can be avoided in the presence of other nucleophiles in the substrate. 14 A homopropargylic alcohol first closes to a dihydrofuran, which subsequently adds ethanol as the external nucleophile. 15 This cyclization is dependent on the presence of an activating aryl group on the alkyne and is slow or does not proceed in the case of alkyl-substituted or terminal alkynes. 16 A reversed sequence is observed with diols as external nucleophiles: ethylene glycol first reacts with phenylacetylene in an intermolecular addition, then the second hydroxyl group undergoes an intramolecular addition to form the cyclic ketal.
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Gold-Catalyzed Addition of X-H Bonds to C-C Multiple Bonds bicyclic ketal; enyne cycloisomerization or alcohol addition to the activated alkene is not observed. 19 The bisbenzannelated spiroketal core, 3, of the rubromycin family is a prospective intermediate, which is obtained in 64% yield by the intramolecular addition of two phenolic hydroxyl groups tethered to the carbon-carbon triple bond in 2. 20 In some cases, the observed product depended on the reaction time and catalyst loading (see Scheme 3, Part (c)): the substituted, unsaturated pentanediol 4 gives bicyclic ketal 5 after a short reaction time and low catalyst loading (2 mol %), but leads to tetrahydropyranyl ketone 6 after a longer reaction time and a higher catalyst loading (6 mol %). 21 Aromatic heterocycles can be obtained from secondary enyne alcohols by an intramolecular hydroalkoxylation followed by a double bond isomerization (Scheme 4). 22 The initial hydroalkoxylation product is believed to be the exocyclic olefin, as indicated by the isolation of such a compound in the reaction of the corresponding tertiary enyne alcohols. In the latter case, the double bond geometry indicates that the 5-exo-trig cyclization is an anti-oxyauration step.
Gold(I) catalyzes not only the addition of alcohols, but also of the weakly nucleophilic sulfonic acids to C-C triple bonds (eq 1). 23 Activated arylalkynes are suitable addition partners for these weak nucleophiles.
A number of reactions not only involve the overall addition of the O-H bond to the alkyne, but also subsequent isomerization. Examples of these reactions are: the isomerization of 2-en-3-ynols to furans 22a and the formation of furans from alkynyl epoxides. 24 The latter example was shown to proceed by initial ring-opening of the oxirane and subsequent addition and isomerization. 25 In the 6-exo-dig cyclization of 5-ynols to six-membered-ring oxygen heterocycles, isomerization of the initially formed exocyclic double bond to an endocyclic one is also observed. 26 Another kind of isomerization involves the nucleophile: in the cyclization of N-propargylcarboxamides, the oxygen atom of the amide can attack in a 5-exo-dig or a 6-endo-dig mode. 27 This is followed by proton elimination from the amide nitrogen and rearrangement of the amide structure to an imidate-like structure. The related carboxylic acids can also be added to alkynes in an inter-or intramolecular manner.
11,28
Hydroamination
Nitrogen nucleophiles were the second type of nucleophiles explored. Again, Fukuda and Utimoto provided one of the first examples, an intramolecular addition (Scheme 5), 29 in which the imine originates from the isomerization of the initially formed enamine. In the presence of an acidic co-catalyst, such as H 3 PW 12 O 40 or AgOTf, even intermolecular additions are possible with low catalyst loadings. 30 Because of the high functional-group tolerance of gold catalysis, oxygen and humidity do not have to be excluded from the reaction medium, and aryl halides such as aryl iodides are tolerated. 31 This means that these gold-catalyzed isomerizations and, for example, the palladium-catalyzed cross-coupling reaction are orthogonal in a synthetic sense. With diamino compounds, cyclic aminals are obtained. 32 Selective intramolecular monohydroamination is observed in a number of cases, in which the initially formed enamine cannot isomerize to the corresponding imine (Scheme 6). 18, [34] [35] [36] [37] Imidates, 33, 34 carbamates, 35 secondary amines, 18, 36 and even primary amines 37 exhibit this reactivity pattern and give rise to a number of useful heterocyclic enamines.
Hydrothiolation
Here, only one type of addition is known. The two-fold addition of ethylenedithiol and related dithiols to phenylacetylene delivers the corresponding dithioketals in low-to-moderate yields (eq 2). 17 
Hydrohalogenation
The first reaction of this type is the addition of hydrogen chloride to acetylene, catalyzed by tetrachloroauric acid (Scheme 7). 38, 39 Even a weak nucleophile such as fluoride can be added to the C-C triple bond: the reaction is catalyzed by an NHC complex of gold(I) and proceeds with excellent regioselectivity even with a thiophene derivative. 40 
Gold-Catalyzed Addition of X-H Bonds to Allenes
Allenes are isomers of alkynes, but are generally less thermodynamically stable than alkynes. Even though their gold-catalyzed reactions are the second most studied after those of alkynes, far fewer examples have been reported than for alkynes. This is probably a result of the fact that allenes are synthetically less accessible than alkynes. Nevertheless, the first gold-catalyzed addition of thiols, which usually poison a transition-metal catalyst, has been reported for allenes (see Section 3.3).
Hydroalkoxylation
A number of intramolecular gold-catalyzed additions of alcohols to allenes have been reported (Scheme 8). These lead to five-and six-membered rings 41 and, in special cases such as that of the β-lactam derivative, even to sevenmembered rings. 42 The intermolecular variants include the addition of water and primary and secondary alcohols (Scheme 9). 43, 44 In all of these examples, the nucleophile adds to one of the terminal carbon atoms of the allene, which is the usual mode of nucleophilic attack for allenes. In the examples of intramolecular additions (Schemes 8, 10, and eq 3), the preferred formation of five-and six-membered rings directs the nucleophiles to the terminal 
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Gold-Catalyzed Addition of X-H Bonds to C-C Multiple Bonds allene with a subsequent gold-catalyzed intramolecular alcohol addition. 47 Moreover, carboxylic acids have also been used as nucleophiles in hydroxycarboxylation reactions. 45 
Hydroamination
In analogy to the hydroalkoxylation reaction, the intramolecular hydroamination of allenes leading to five- 48 and sixmembered 41b rings is known (Scheme 10). Even hydroxylamine derivatives have been used. 49 Derivatives of urea have led to an interesting 1,2-diamination of the allene functional group by a bis(hydroamination). 50 In the intermolecular hydroamination counterparts, the nucleophile only adds to the terminal carbon atom of the allene. Fmoc-protected ammonia 51 and aniline 52 undergo the reaction, yielding the corresponding allylamines (Scheme 11).
The enantioselective addition of nucleophiles to allenes induced by chiral counterions (see eq 3) was extended to the intramolecular addition of amines (eq 4). 45, 53 
Hydrothiolation
In their pioneering work, Morita and Krause successfully carried out a diastereoselective intramolecular hydrothiolation of allenes (eq 5). 54 In general, the transfer of axial to central chirality is successful with allenic substrates. position of the allenes. The regioselectivity of the additions in Scheme 9 can either be directed by a faster reaction of the less sterically hindered double bond of the allene, or be directed by the formation of the thermodynamically more stable conjugated product.
The most remarkable example in this field is the catalytic asymmetric intramolecular hydroalkoxylation using achiral gold complexes and chiral counterions (eq 3). 45 This has opened new perspectives for asymmetric synthesis, since prior efforts employing other transition metals had generally delivered unsatisfactory results. 2 Presumably, the linear coordination geometry of the gold(I) complexes is an important factor in these successful conversions with the chiral counterions.
Mechanistic studies have demonstrated that the formation of dimers by oxidative (dehydrogenative) coupling in gold(III)-mediated reactions of allenyl carbinols is an indication that gold(III) is reduced in situ by the substrate. 46 A number of reactions combine a rearrangement of a gold-catalyzed propargylic derivative to an 
Gold-Catalyzed Addition of X-H Bonds to Alkenes
Among substrates with C-C multiple bonds, alkenes react most sluggishly in gold-catalyzed reactions, and typically require noncoordinating solvents of low polarity for successful conversion.
Hydroalkoxylation
Because of the reduced reactivity of olefin-gold complexes, it is not surprising that some of the alkenes used have been the strained, and thus activated, ones. One example is norbornene, which adds 3-chloroethanol at elevated temperatures in the presence of a gold(I) complex that is activated in situ by silver triflate (Scheme 12). 55 Styrene also reacts with the expected Markovnikov selectivity in the presence of gold(III) chloride at even higher temperatures. 56 These conditions have also proved suitable for the addition of methanol to monoalkyl-substituted terminal alkenes. Most remarkably, even the weak nucleophile p-nitrophenol reacts with alkenes, providing the addition product in good yield. 57 An intramolecular variant is the formation of a spiro compound by a combined hydroalkoxylation and hydroamination of a bisolefin. 
Hydroamination
Because of the low reactivity of the alkenes, the stronger nitrogen nucleophiles have found more widespread use than their oxygen counterparts (e.g., alcohols). In most cases, the nitrogen atom has a protecting group since the free amine appears to compete with the olefin for the coordination site on the catalyst. Many examples of the intramolecular variant have been reported, delivering nitrogen heterocycles with the preferred formation of five-membered rings (Scheme 13). [58] [59] [60] [61] [62] Of these examples, the cyclization to benzoanelated heterocycles with a tosyl group on nitrogen is noteworthy. 58 Other nitrogen protecting groups have also been successfully employed. 59 A decent diastereoselectivity is observed when a urea group is used as the nucleophile, 60 and when 1,3-dienes are utilized as substrates, leading to the products of 1,4 addition. 61 The successful reactions of unprotected primary or secondary amines under acidic conditions have also been reported. 62 Examples of the intermolecular variants of the hydroamination of alkenes are shown in Scheme 14.
58b, 63, 64 When an imidazolidinone is utilized as the nitrogen nucleophile, the cyclic urea even adds to a number of simple, unactivated alkenes including ethylene. 63 In the next two examples, a two-fold hydroamination of a 1,5-hexadiene delivers the expected, highly substituted pyrrolidine, 58b and a disubstituted 1,3-diene undergoes selective Markovnikov addition to the less substituted double bond. 
Hydrothiolation
We are aware of only one publication that has reported the addition of S-H to an olefin, a 1,3-diene. Here, too, the less substituted double bond is attacked regioselectively, this time by a thiocarboxylic acid as the nucleophile (eq 6).
Conclusions and Outlook
The gold-catalyzed intramolecular addition of alcohols and amines to C-C multiple bonds has proven to be a very innovative synthetic tool in heterocyclic chemistry. 66 One significant advantage of gold catalysis over other hydroamination catalysts is that the goldcatalyzed reactions do not have to be conducted in a glove box. The intermolecular reactions are also very useful in organic synthesis, as exemplified by the synthesis of products such as allylamines. Nevertheless, significant research is still needed in this area, since catalyst loadings are still high and the most conveniently accessible unsaturated substrates, the alkenes, have yet to be investigated in more detail. This is the case since alkenes clearly 
New Iodinated Building Blocks
Iodine-containing substrates are valuable building blocks for a diverse array of synthetic methodologies. They have the ability to participate in various crosscoupling reactions for the generation of carbon-carbon, carbon-nitrogen, and carbon-oxygen bonds and are often preferred to the brominated analogues. They are also handy precursors for the formation of organolithium, organozinc, or organomagnesium reagents. 
3-Chloro-4-iodopyridine

Introduction
Aromatic heterocycles are highly important structural units that are found in a vast number of biologically active natural compounds, pharmaceuticals, and materials. 1 Aromatic heterocycles are important intermediates in organic synthesis, often providing access to other highly desirable structures. 2 A myriad of methodologies and protocols have been developed for their synthesis, 1 and, although generally high efficiencies and selectivities can be achieved, a large number of these methodologies are limited to the preparation of heterocycles with particular substitution patterns. Thus, there is a compelling need to develop novel and more general methods for the synthesis of heterocycles.
In recent years, the use of transition-metal-catalyzed transformations truly revolutionized the area of heterocyclic chemistry. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Many research groups have focused on the development of general methods that utilize readily accessible starting materials under mild reaction conditions for the synthesis of densely functionalized heterocyclic cores to achieve better functional group compatibilities and greater levels of molecular complexity. A particularly attractive approach toward this goal involves the incorporation of molecular rearrangement steps into the transition-metal-catalyzed cycloisomerization cascade reactions. In most cases, this approach provides a significant advantage over alternative routes in the convergent preparation of heterocycles with new substitution patterns. This review covers the most important recent advances in the Cu-, 11, [16] [17] [18] [19] Ag-, 12 and Au-catalyzed [20] [21] [22] [23] [24] [25] [26] [27] syntheses of five-membered aromatic heterocycles proceeding with 1,n migrations of various groups during the assembly of the heterocyclic ring. The main organization of this review is based on the type of migrating group, and the discussion of a particular migrating group is structured by the type of its 1,n shift. The concepts underlying a given transformation and the synthetic applicability of the corresponding method are emphasized. A brief discussion of the mechanism is given where needed to shed some light on possible reaction intermediates in the catalytic transformation.
Synthesis of Heterocycles via Migratory Cycloisomerizations
Formal Hydrogen Migration
Among a variety of transition-metal-catalyzed syntheses of aromatic heterocycles containing five-membered rings, the cycloisomerization of single-component acyclic precursors represents the most versatile, atom-economical, and direct approach. 15, 21, 28 Moreover, a major fraction of the corresponding multicomponent syntheses 10, 29, 30 also relies on the fundamental reactivities of these key acyclic precursors. Extensive research on the synthesis of aromatic heterocycles through transition-metalcatalyzed cycloisomerizations has been stimulated by the pioneering work of Heilbron (1947; Hg, 2-en-4-yne-1-ols), 31 Castro (1966; Cu, ortho-alkynyl anilines), 32 Miller (1969; Hg, alkynyl epoxides), 33 Huang (1986 and 1987; Pd, alkynyl ketones 34 and propargyl ketones 35 ), and Marshall (1990; Ag, Rh, allenyl ketones). 36 The cycloisomerizations of allenyl-or alkynyl-containing substrates, catalyzed by Ag, Cu, or Au complexes, [11] [12] [13] 28 have been extensively utilized in the construction of heterocyclic cores (Figure 1) . Mechanistically, these reactions proceed via formal 1,2-or 1,3-hydrogen migrations (prototropic isomerizations, G = H), which limit these methodologies to the preparation of heterocyclic frameworks with at least one unsubstituted position. In recent years, researchers have sought to develop novel strategies that might help overcome this limitation. One of the possible solutions involves the introduction of a migrating group other than hydrogen into the transition-metal-catalyzed cascade cycloisomerizations of allenes and alkynes. Subsequent sections of this review describe advances in this exciting and growing area.
Sulfur and Selenium Migrations
In 2003, our group discovered that the Cu(I)-catalyzed cycloisomerization of 4-thio-substituted allenone 1 proceeded copper-, silver-, and gold-catalyzed migratory cycloisomerizations leading to heterocyclic five-membered Rings
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Copper-, Silver-, and Gold-Catalyzed Migratory Cycloisomerizations Leading to Heterocyclic Five-Membered Rings very efficiently with a 1,2 migration of the phenylsulfanyl group, 37,38 providing 3-thio-substituted furan 39 2 in high yield. 40 This discovery led us to formulate a general concept of transitionmetal-catalyzed cascade cycloisomerizations of alkynyl and allenyl systems involving the formal 1,2 migration of different functional groups as the key step in a rapid assembly of densely functionalized heterocyclic cores (vide infra). This report had been preceded by our disclosure in 2001 and 2002 that alkynyl imines and ketones (see Figure 1 ; G = H, X = NR or O) could be transformed highly efficiently into pyrroles 41, 42 and furans 43 via the Cu(I)-catalyzed cycloisomerization. In this way, the alkynyl imines and ketones serve as surrogates of reactive allenyl intermediates generated in situ by the base-assisted propargylallenyl isomerization. In light of these findings from 2001-2003, our group next attempted a migratory cycloisomerization of substituted propargyl sulfides 3, undoubtedly superior precursors when compared with their allenyl sulfide analogues from a synthetic point of view. We found that 3-sulfanyl-substituted furans, pyrroles, 44 and even indolizines 45 5 are efficiently accessed via the Cu(I)-catalyzed migratory cycloisomerization of the corresponding propargyl sulfides (eq 2). 40, 46 The alkylsulfanyl group migrates with efficiency comparable to that of its phenylsulfanyl analogue, and a variety of functional groups are perfectly tolerated under these reaction conditions. It is believed that, mechanistically, this transformation proceeds through the Cu(I)-catalyzed cycloisomerization of reactive allenyl sulfide 4, wherein a 1,2 migration of an alkylthio or arylthio group 47 occurs via a thiirenium intermediate (vide infra). This transformation represents the first example of 1,2 migration of the sulfanyl group from an olefinic sp 2 carbon to an sp center. 37 Recently, Wang and co-workers reported another example of a 1,2-sulfur migration that was utilized in the assembly of polysubstituted pyrroles 8 via an acid-catalyzed cascade reaction sequence of skipped allenyl aldehydes 6 and anilines. They also demonstrated that this reaction could be catalyzed by Au(I) or Ag salts, wherein the 1,2 migration of the sulfanyl group occurs intramolecularly via the proposed thiiranium intermediate 7 (eq 3). 48 In 2007, Yamamoto's group showed that cycloisomerization of ortho-alkynylsulfonanilides in the presence of a Au(III) catalyst produces 3-sulfonylindoles via a 1,3 migration of a sulfonyl group (eq 4). 49, 50 This reaction is compatible with a variety of alkyl, aryl, and terminal alkynes and provides the indole products in generally high yields. The proposed mechanism involves Au-catalyzed 5-endo-dig cyclization of ortho-alkynylsulfonamides to the zwitterionic indolyl-gold intermediate 9, in which the 1,3 migration of the sulfonyl group occurs intramolecularly.
Our group recently extended the 1,2-sulfur migration approach (see eq 2) to the related 1,2-selenium migration in the Cu(I)-catalyzed cycloisomerization cascade of propargyl selenides into polysubstituted 3-selenylfurans and pyrroles (eq 5). 46 the 1,2 migration of the seleno group is more facile than that of the thio groups; this fact permits such cycloisomerizations to be carried out under significantly milder reaction conditions. The proposed mechanism for selenium migration is analogous to that suggested for the Cu(I)-catalyzed cycloisomerization of propargyl sulfides and involves formation of the reactive allenyl intermediate 10 via the initial prototropic rearrangement.
Halogen Migration
In 2005, our group reported a very efficient and regiodivergent Au-catalyzed haloallenyl ketone cycloisomerization that proceeds with a 1,2 migration of iodine, bromine, or chlorine atoms, 51 and leads to 3-halofurans with 1-4 substituents (eq 6). 52 Remarkably, in the presence of the Au(III) catalyst, 1,2 migrations of bromine and iodine are more facile than 1,2-alkyl and even 1,2-hydrogen shifts in these allenyl ketones. In contrast, employment of a Au(I) catalyst, Et 3 PAuCl, for the cycloisomerization of ambident C-4 monohalo-substituted allenones (see eq 6, R 1 = H) furnishes 2-halofuran products via exclusive 1,2-hydrogen migration. It was demonstrated that various functionalities, including alkene and free hydroxyl groups, are tolerated under the reaction conditions. Iodo-and bromo-substituted substrates were shown to be more efficient in this cycloisomerization than their chloro-substituted analogues. The 3-halofurans thus obtained can easily be further functionalized at the C-3 position via cross-coupling protocols. 53 Thorough mechanistic studies, including high-level Density Functional Theory (DFT) calculations, have indicated that activation of the distal double bond of the allene with either a Au(I) or Au(III) catalyst leads to the formation of the goldcarbene intermediate 11, wherein a kinetically favored 1,2-halogen migration gives 3-halofuran 12 (Scheme 1). 54 However, the use of Au(PR 3 )L (L = Cl, OTf; R = Et, Ph) catalysts in the case of ambident haloallenones triggers the stepwise counterion-or ligand-assisted 55 hydrogen shift, leading to 2-halofurans 13. This observation indicates that, in these Au-catalyzed processes, whether hydrogen or bromine migrates is determined by the nature of the ligand on Au. 52, 54 In addition, switching the reaction solvent from toluene to THF, which is capable of assisting the stepwise 1,2-hydrogen migration, provides the regiodivergent formation of 2-halofurans 13. 
Carbon Migration
The first example of a 1,2-alkyl shift 56, 57 in the Au-catalyzed synthesis of heterocycles was reported by Toste and co-workers in 2005. 58 In the presence of a cationic Au(I) catalyst, homopropargylic azides possessing cyclobutyl or cyclopentyl substituents undergo an acetylenic Schmidt reaction leading to C-3-C-4-fused pyrroles in good yields (eq 7). 58 This protocol allows for the rapid assembly of N-unprotected pyrroles possessing 1-4 substituents. According to the mechanistic hypothesis, the Au(I) catalyst activates the alkyne moiety toward nucleophilic attack by the azide to produce gold-carbene 14 with loss of dinitrogen. A subsequent 1,2 migration of a CH 2 group in the cyclobutyl or cyclopentyl ring to the gold-carbene center furnishes the pyrrole product after tautomerization.
Aiming to incorporate various 1,2-migratory groups into the cycloisomerization cascade, we developed an efficient synthesis of furans with 1-4 substituents. The synthesis proceeds by a 1,2 migration of alkyl or aryl groups in allenyl ketones in the presence of π-philic Au(I), Ag, Cu(I), or Cu(II) catalysts (eq 8). 59 Based on studies of the migratory aptitude of various groups, we proposed this cycloisomerization to occur via metal-oxonium ion intermediate 15. The latter can be viewed as a resonance form of a (Ref. 52, 54) metal-carbene intermediate analogous to 11, but with the carbon atom attached to the metal possessing more cationic than carbenelike character. 46, 59 In 2006, Iwasawa and co-workers established an efficient Au(III)-catalyzed protocol for the construction of N-1-C-2-fused polycyclic indole skeletons via a cycloisomerization-
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Copper-, Silver-, and Gold-Catalyzed Migratory Cycloisomerizations Leading to Heterocyclic Five-Membered Rings cycloaddition reaction sequence of alkene enol ethers with orthoalkynylphenylanilides 16. 60 Iwasawa's group showed that the latter substrates (i.e., ortho-alkynylphenylanilides), upon activation with the Au(III) catalyst, generate reactive azomethine ylides. 61 Interception of such ylides with tert-butyl vinyl ether via a [3 + 2] cycloaddition leads to the formation of the key gold-carbene intermediates. 1,2-Alkyl migration to the Au-stabilized carbene center in the latter intermediates affords fused indole products in moderate-to-high yields (eq 9). 60 Very recently, another example of the synthesis of heterocycles via a 1,2-aryl group migration to a cationic center was reported by Davies and Martin. 62 In this study, alkynyl aziridines were shown to undergo the Au(I)-catalyzed cycloisomerization, providing mixtures of regioisomeric pyrroles 19 and 20 (eq 10). According to the proposed mechanism, ring-opening of the aziridine and subsequent nucleophilic attack of the nitrogen atom at the distal position of the alkyne, activated by the Au(I) catalyst, affords the metal-substituted intermediate 18. Interestingly, 1,2 migration of the phenyl group is preferred in this intermediate over the generally facile proton elimination, leading to pyrrole 19 as the major product. Introduction of electron-rich aryl groups provides 19 exclusively, whereas the isomerization of substrates with electrondeficient aryl substituents (e.g., 4-bromo) exhibits poor selectivity. The authors also demonstrated that the use of a more basic tosylatecontaining, instead of triflate-containing, Au(I) catalyst 55 favors the proton elimination pathway, furnishing pyrroles 20 as the sole regioisomers in excellent yields.
The utility of aziridines in the synthesis of pyrroles was further demonstrated by Tu and co-workers, who reported that cycloisomerization of skipped alkynyl aziridines 21 in the presence of a Au(I) catalyst affords polysubstituted 3-vinylpyrroles via a formal 1,2-alkenyl shift (eq 11). 63 Various alkyl-, aryl-, and heteroaryl-substituted alkynes were easily transformed into pyrrole products in good yields. A mechanistic hypothesis for this transformation cascade features the 1,2-alkenyl migration in the spirocyclic iminium intermediate 22, while formation of the alkenyl unit in the latter arises from the prior proton elimination step. The authors showed that this reaction could equally efficiently proceed with a ring expansion of the five-and six-membered rings fused to the aziridine moiety, as well as with a 1,2-propenyl shift in the case of acyclic substrates.
Besides migratory cycloisomerizations proceeding by 1,2 shifts, several groups have recently reported examples of Au-and Ag-catalyzed counterparts taking place by 1,3 migrations of alkyl, 70 Remarkably, a variety of 1,3-migrating groups, including Si-containing and cyclic tetrahydropyranyl ones, were easily incorporated into this transformation cascade. Other sulfur substituents capable of stabilizing the incipient positive charge, such as allyl and para-methoxybenzyl, 71, 72 were also efficiently employed, leading to 3-allyl-or 3-benzylbenzothiophenes, respectively. According to the proposed mechanism, this reaction cascade begins with the Au-catalyzed 5-endo-dig cyclization of the ortho-alkynylthiophenol alkyl ether to give the gold-substituted benzothiophenium intermediate 23, which subsequently undergoes intramolecular 1,3-alkyl migration to give the rearranged final product.
Following this report, the same group later disclosed that the Au(I)-catalyzed carbothiolation reaction of optically active ortho-alkynylphenyl 1-phenylethyl sulfides proceeded with predominant retention of the configuration in the 1-phenylethyl migrating group (see eq 12, last two entries). 73 This observation indicates that, at least in the case of 1-arylethyl groups, 1,3-alkyl migration proceeds through formation of a contact ion pair during the migration process.
Oh and co-workers have very recently demonstrated that a variety of 3-vinylindoles, possessing different alkyl and aryl substituents at C-2, can be accessed efficiently through a 1,3-alkenyl shift in a Ag-catalyzed cascade reaction (eq 13). In 2007, Istrate and Gagosz reported that N,N-disubstituted (Z)-(2-en-4-ynyl)amines, with a second allyl group attached to the nitrogen atom, undergo a Au(I)-catalyzed cycloisomerization with a 1,3-allyl shift to afford tri-and tetrasubstituted pyrroles (eq 14, conditions A). 75 This transformation allows for the synthesis of homoallyl-substituted pyrroles bearing various functional groups in good-to-excellent yields. The proposed mechanism involves, in the first step, activation of the alkyne moiety toward 5-exo-dig cyclization to give the cyclic vinylgold intermediate 28. A subsequent 1,3-allyl shift 64, 76 occurs via a Au(I)-catalyzed aza-Claisen-type rearrangement, furnishing the corresponding pyrrole. More recently, Heugebaert and Stevens applied the same concept to the synthesis of isoindoles from N-allyl-benzylamine derivatives (see eq 14, conditions B). 77 Zhang and co-workers recently synthesized a variety of tri-and tetrasubstituted N-C-2-fused pyrroles by the Au(I)-catalyzed cycloisomerization of (Z)-(2-en-4-ynyl)lactams 29 (eq 15). 78 This interesting synthesis proceeds by a formal ring expansion of the β-lactam moiety via a 1,3-carbonyl migration. 79 Similarly to Gagosz's rationale, the Au(I)-catalyzed 5-exo-dig cyclization is followed by lactam ring opening, which leads to the formation of nucleophilic vinyl-Au species 30. A subsequent 1,2 addition of the latter functional group to the activated carbonyl function produces the fused pyrrole product. Finally, several migratory cycloisomerizations involving a Claisen-type rearrangement of the carbon skeleton of the substrate prior to the heterocyclization step have been reported. Kirsch and co-workers first reported that vinyl propargyl ethers 31 could be converted into densely substituted furans via a Au(I)-catalyzed cycloisomerization reaction (Scheme 2, Part (a)) 80, 81 Thus, a variety of tetrasubstituted alkyl, aryl, and heteroarylfurans possessing a carbonyl group at C-3 were obtained under very mild reaction conditions. It is believed that this cascade process begins
Copper-, Silver-, and Gold-Catalyzed Migratory Cycloisomerizations Leading to Heterocyclic Five-Membered Rings Claisen rearrangement, were intercepted by the amination reaction with various anilines and the resulting imines underwent the Au(I)-catalyzed 5-exo-dig cyclization to furnish the corresponding pyrroles. The authors demonstrated that a variety of pyrroles possessing different labile groups could be rapidly obtained in moderate-to-high yields under mild reaction conditions. In addition, the reaction was quite general with respect to the aromatic amine component, whereas aliphatic amines (R 5 = Me, i-Pr, Bn) did not undergo this transformation at all.
More recently, Saito et al. applied the above methodology to the direct synthesis of pyrroles from vinyl propargyl amines 31 (X = Y = NTs) in the presence of an (NHC)Au(I) catalyst 84 (see Scheme 2, Part (c)). 85 Furthermore, this new catalytic system was shown to be highly efficient for the cycloisomerization of ether analogues as well (X = Y = O, see Scheme 2, Part (c), conditions (ii)).
Silicon, Germanium, and Tin Migrations
Aiming at the efficient synthesis of not-so-easily accessible C-2-substituted indolizines, our group developed a highly efficient, Au(III)-catalyzed cascade cycloisomerization of skipped propargylpyridines 33 into indolizines 35 (eq 16). 86, 87 This cascade is proposed to occur with a facile 1,2 migration of a silyl, stannyl, and even germyl group via an alkyne-vinylidene isomerization 88 Yamamoto's group has developed the Au(I)-catalyzed, highyield synthesis of 3-silyl-substituted benzothiophenes through a 1,3-silyl group migration during the cycloisomerization cascade of ortho-alkynylthiophenol silyl ethers (eq 17). 89 However, lower yields were obtained for substrates bearing very bulky or strong electron-withdrawing substituents, or containing less nucleophilic silyl migrating groups. In contrast to the intramolecular nature of the 1,3-alkyl-group migration in the analogous system (see eq 12), the observed crossover of two different silyl groups during the cycloisomerization of two different substrates indicated that the 1,3 migration of the silyl group proceeds intermolecularly. The observed crossover was rationalized by the suggested longer with a Au(I)-catalyzed Claisen-type rearrangement 82 and leads to the formation of the reactive skipped allenyl ketone intermediate 32, which undergoes a Au(I)-catalyzed 5-exo-dig cyclization to produce the furan ring.
The same group later disclosed that vinyl propargyl ethers 31 could also be employed in a very efficient synthesis of densely substituted pyrroles via the Ag-Au(I)-catalyzed condensationcycloisomerization reaction sequence (see Scheme 2, Part (b)) 83 Thus, skipped allenyl ketones 32, formed by the Ag-catalyzed lifetime of the gold-silylsulfonium ion intermediate 36 due to the lower migratory ability of a silyl group relative to that of an alkyl group.
Acyloxy, Phosphatyloxy, and Sulfonyloxy Migrations
In 2004, our group envisioned that highly reactive allenyl substrates could be accessed via a formal 1,3 migration in propargyl acetates, [90] [91] [92] phosphates, or sulfonates. 93 This early concept later evolved into a series of highly efficient, practical, and general methodologies for the assembly of polysubstituted furans and indolizines. Accordingly, we demonstrated that an array of densely functionalized 3-acyloxyfurans could be synthesized via a Cu(I)-catalyzed cycloisomerization cascade of conjugated alkynyl ketone acetates proceeding through a formal 1,2-acyloxy-group migration (eq 18). 93 The nature of the base required for the selective formation of the 3-acyloxy regioisomer supported possible involvement of allene intermediate 37, which is generated upon initial prototropic rearrangement of the substrate. Based on further mechanistic studies involving 17 O-labeled substrates, we proposed that this formal 1,2-acyloxy-group migration 94, 95 likely occurs through the involvement of a dioxolenylium intermediate. 96 Ou r g roup also investigated the Cu(I) -cat alyzed cycloisomerization of conjugated keto or pyridino propargyl phosphates in the absence of a base (eq 19). 96 This transformation allowed for a highly efficient synthesis of 3-phosphatyloxy furans and indolizines 97 via a formal 1,3-phosphatyloxy group migration. 96 Thorough mechanistic studies of this transformation with the aid of 17 O-labeled substrates revealed that the cycloisomerization proceeds via an initial formal [3, 3] -sigmatropic rearrangement of propargyl phosphates into the reactive allenyl phosphates 38. It should be noted that the phosphatyloxy-containing furans and indolizines represent versatile synthons, as the phosphatyloxy group can efficiently be substituted with various alkyl and aryl groups by the Kumada cross-coupling reaction. 96 Next, we developed an alternative route to tetrasubstituted and even to fused furans via a transition-metal-catalyzed migratory cycloisomerization of skipped propargylic substrates. Thus, alkynyl acetates 39 underwent, in the presence of a silver catalyst at room temperature, a formal 1,2-acyloxy-group migration furnishing fully substituted 3-acyloxyfurans in high yields (eq 20).
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Copper-, Silver-, and Gold-Catalyzed Migratory Cycloisomerizations Leading to Heterocyclic Five-Membered Rings mechanism for the cycloisomerization of skipped alkynyl ketones 39 is suggested to follow a Rautenstrauch-type 1,2 migration, 98 resulting in intermediate 40, and subsequent cycloisomerization to the furan ring. 96 Several other transitionmetal complexes, including Cu(II) and Au(III), also catalyzed this transformation. Furthermore, phosphatyloxy and tosyloxy groups underwent an analogous 1,2 migration from propargyl (41) and allenyl (42) substrates, providing 3-phosphatyloxyand 3-tosyloxyfurans, respectively (Scheme 3). In the case of skipped phosphatyloxy alkynyl ketones, 41, cycloisomerization proceeds via two consecutive 1,2 migrations leading to the formation of allene intermediate 42 and a formal 1,3 shift. Subsequent 1,2 migration gives rise to the final product, 3-phosphatyloxy-or 3-tosyloxyfuran.
Conclusions and Outlook
This review highlighted a growing interest in the development of novel cascade transformations that incorporate various molecular rearrangements and functional-group migrations. Recent reports featuring this approach established new, general, highly efficient, and atom-economical transformations that lead to complex and densely functionalized aromatic heterocycles with diverse substitution patterns. These heterocycles are not easily available via alternative routes. A variety of functional groups-including S-, Se-, Hal-, C-, Si-, Ge-, Sn-, and O-containing functionalities-undergo various types of 1,n migrations during these heterocycle syntheses. In recent years, in addition to the continuing interest in the traditional Ag and Cu catalysts, the focus of many research groups has shifted to the remarkably efficient and mild gold catalysis. Although further development of novel, more general, and efficient migratory methodologies is certainly highly warranted, the progress achieved so far in this area bodes well for broad application in organic synthesis.
Acknowledgements
We thank the National Institutes of Health (GM-64444) and National Science Foundation (CHE-0710749) for financial support of this work. A. S. D. is grateful to the University of Illinois at Chicago Graduate College for a Dean's Scholar Award. N. C. thanks the Department of Chemistry of the University of Illinois at Chicago for the Moriarty Graduate Fellowship. Due to difficulties with their preparation, especially when sensitive functional groups are present, diazo compounds are often overlooked in synthesis despite their synthetic versatility. Myers and Raines have developed a mild method to convert an azido group with delicate functional groups into a diazo compound by using the phosphine reagent featured here. Formally, this reaction is a reductive fragmentation of the azide, like the venerable Staudinger reaction, and is highly selective in most chemical environments. Some of the most versatile compounds in the collection include the methyl addition reagents of which methyl- 13 C phenyl sulfide (716081) is a notable example. Methyl phenyl sulfide has a rich chemistry and, if prepared with carbon and deuterium labels in the methyl group, would be a versatile labeling precursor that could be easily converted into a nucleophilic or an electrophilic synthon.
References and Notes
The labeled methyl phenyl sulfide can be oxidized, adjusting the pK a and allowing for subsequent modifications. A Raney® Ni mediated desulfurization can be used to remove the sulfur, leaving a labeled methylene group. Alternatively, a 13 C-labeled aldehyde, carboxylic acid, or carboxylic ester can be prepared directly. Raney is a registered trademark of W.R. Grace and Co.
cBs oxazaborolidine Reagents
Since 1987, the chiral oxazaborolidines known as CBS catalysts (after the work of Corey, Bakshi, and Shibata) have been used for the catalytic reduction of prochiral ketones, imines, and oximes to produce chiral alcohols, amines, and amino alcohols in excellent yields and ee's. A recent example is the total synthesis of the structurally complex Lycopodium alkaloid (+)-Lyconadin A shown in Scheme 1.
1
The chiral oxazaborolidines can also be used to generate a new class of powerful Lewis acids by activation with a strong protic or Lewis acid. Such activated cationic oxazaborolidines are extremely effective catalysts for a wide range of asymmetric transformations, from cycloaddition reactions to the asymmetric synthesis of a wide variety of complex natural products and other molecular structures. The usefulness of cationic oxazaborolidines is demonstrated in a recent total synthesis of Aflatoxin B 2 via an asymmetric [3 + 2] cycloaddition reaction (Scheme 2). 
Outline
Introduction
During the 1980s, proline-derived chiral oxazaborolidines of general structure 1 (Figure 1) were introduced as catalysts for enantioselective reduction of prochiral ketones. This process, sometimes referred to as the CBS (Corey-Bakshi-Shibata) reduction, 1 has subsequently been applied to a wide range of ketonic substrates. A useful feature of the CBS reduction methodology is the availability of a well-defined stereochemical model for reduction (2 in Figure 1 ). The application of this methodology for the asymmetric synthesis of a wealth of natural products and nonnatural molecules has been reviewed previously. 2 The chiral oxazaborolidines represented by 1 can also be used to generate a new class of powerful Lewis acids by activation with a strong protic or Lewis acid. 3 Such activated cationic oxazaborolidines are extremely effective catalysts for a wide range of asymmetric transformations. In this review, we provide an overview of the formation and utility of cationic oxazaborolidines as chiral catalysts and their application to the asymmetric synthesis of a wide variety of complex natural products and non-natural structures, especially by Diels-Alder addition.
Proton-Activation of Oxazaborolidines
Although various Lewis acids (e.g. BF 3 , SnCl 4 , ZnCl 4 , AlCl 3 ) were found not to be useful for the coordinative activation of 1, the strong protic acid, triflic acid (TfOH), turned out to be a powerful activator of 1a:
1 H NMR measurement of a 1:1 mixture of 1a and TfOH in CDCl 3 at -80 °C revealed the presence of two protonated species 3 and 4, in a ratio of ca. 1.5:1 at about 0.05M concentration (Scheme 1). 4 Complete protonation required a very strong protic acid; acids such as methanesulfonic or benzenesulfonic acids were too weak. The Lewis acidity of 4, expected to be high from the fact that a very strong protic acid is required to produce it from 1a, was fully confirmed by subsequent studies. The equilibrium between 3 and 4 is facile (although slow on 1 H NMR timescale at -80 °C) and so the mixture is equivalent to the cation 4.
Diels-Alder Reactions of α,β-Enals
The protonated oxazaborolidine 4 was first found to be an extremely powerful catalyst for the Diels-Alder reaction of 2-methacrolein or 2-bromoacrolein with a variety of dienes of quite different reactivity as shown in Table 1 . 4 Optimization of the catalyst structure in terms of yield and enantioselectivity of this reaction revealed an o-tolyl group on boron to be the substituent of choice. 4 The C-aryl substituent 3,5-dimethylphenyl (m-xylyl or mexyl) was somewhat superior to phenyl (see Table 1 ), likely because of its greater basicity as a neighboring π-rich aromatic group. 4 The highly enantioselective formation of the Diels-Alder adducts shown in Table 1 is considered to result from the preferred pre-transition-state assembly 6 (Figure 2 ), for which there is considerable precedent in our previous work. [5] [6] [7] The complex of the catalyst with 2-substituted acrolein has been proposed to involve an electrostatic interaction between the formyl hydrogen and the oxygen on boron that is synergistic with the coordination of formyl oxygen to boron. In the pre-transition-state assembly 6 the formyl carbon, rendered more positive due to the carbonyl coordination to boron, lies at Van der Waals contact distance (3.5 Å) above an ortho-carbon of the nearby mexyl group. This attractive interaction of the coordinated C=O and the neighboring π-rich benzenoid ring is maintained in the transition state even as the diene addition takes place to the α,β-bond of the enal. That π-π attractive interaction screens the rear face of the complexed s-trans α,β-enal and directs addition to the front face of the dienophile as shown in 6. The mechanistic model exemplified by 6 is a reliable predictor of the absolute stereochemical course of Diels-Alder reactions of α,β-enals under catalysis by cationic oxazaborolidines.
Diels-Alder Reactions of Other α,β-Unsaturated Carbonyl Compounds
The application of proton-activated oxazaborolidines 5a-b was found not to be limited to α,β-enals as dienophiles and extended to a variety of α,β-unsaturated carbonyl compounds including α,β-unsaturated esters, lactones, ketones and especially quinones. 8 Our initial studies demonstrated that acrylate and crotonate esters are satisfactory dienophiles when cyclopentadiene was used as the diene ( Table 2 ). However, due to the lower reactivity of crotonates relative to the corresponding acrylates, it is advantageous to use more reactive trifluoroethyl ester rather than methyl and ethyl ester.
The dienophile face selectivity for Diels-Alder addition to acrylate and crotonate esters was found to be opposite to that for α,β-enals. A likely reason for this divergent behavior emerged from X-ray crystallographic studies of BF 3 -complexes of α,β-unsaturated esters and enones. As summarized in Figure 3 , one of the fluorines on boron and the α-C-H of the unsaturated carbonyl compounds is in close proximity and within Van der Waals contact distance (2.67 Å).
These data suggest the possibility that the face selectivity observed for α,β-unsaturated esters and enones that possess an α-C-H group may be due to a pre-transition-state assembly of type 7 (Figure 4) , which clearly would lead to opposite face-selectivity than the corresponding formyl C-H···catalyst interaction as in 6. The generality of the catalytic enantioselective Diels-Alder reaction mediated by 5a and 5b and the α-CH···catalyst binding mode of reaction are further supported by the results summarized in Figure 5 , which shows the products derived from cyclopentadiene and a variety of α,β-unsaturated carbonyl compounds. The utility of cyclic α,β-enones and quinone monoketals in the catalytic Diels-Alder processes is noteworthy, not only because of the good yields and enantioselectivities, but also because other chiral Lewis acids are ineffective for these substrate classes.
One limitation of the triflic acid-activated oxazaborolidines stems from their instability at temperatures above 4 °C, which significantly limits the scope of the Diels-Alder reactions within reactive dienes and/or dienophiles. Consequently, triflimide, (CF 3 SO 2 ) 2 NH (known to be comparable in acid strength 9 to triflic acid), was investigated as activating agent. Fortunately, protonated triflimide catalysts were found to be sufficiently stable to be useful at 25-40 °C. 10 The development of triflimide-activated catalysts 8a-b (Figure 6 ) has broadened the scope of the Diels-Alder reaction to include many less reactive partners and to allow shorter reaction times.
An instructive comparison of triflic acid-and triflimideactivated catalysts is shown in Table 3 . The order of reactivity of α,β-unsaturated esters as dienophiles with 5a or 8a is acrylate > crotonate > cinnamate and for a given acid the trifluoroacetate ester is markedly more reactive then the methyl or ethyl ester.
The power of triflimide-activated catalysts 8a-b in promoting asymmetric Diels-Alder reactions with less reactive dienes was further exemplified by using diethyl fumarate and trifluoroethyl acrylate as dienophiles (Figure 7) .
The development of triflimide-activated catalysts has enabled the formation of cycloaddition products derived from less reactive 2,3-dimethylbutadiene (Figure 8) . Even though products were obtained with somewhat reduced enantioselectivity, this is a real advance in extending the scope of the asymmetric Diels-Alder reaction toward less reactive dienophiles.
The effective range of the catalysts 5 or 8 also extends to heterodienes such as those in the furan series. 11 The use of furans as dienes for Diels-Alder reactions had been restricted due to their low reactivity and the reversibility of addition which has resulted in poor conversions and/or undesirable side reactions. Excellent results were obtained for the Diels-Alder reactions of a number of furan derivatives with trifluoroethyl acrylate using protonactivated catalysts 5a and 8a, as summarized in Figure 9 . 
Diels-Alder Reactions of Quinones
Compared to other α,β-unsaturated carbonyl compounds, quinones are even better partners in these catalytic Diels-Alder reactions with various dienes. In general, quinones are highly reactive substrates and so the scope of the reaction is broad and the yields and enantioselectivities are excellent. These factors are quite significant, since the quinone-Diels-Alder subtype is a very powerful construction that is highly useful for the synthesis of many natural products and other complex molecules. Despite their synthetic value, enantioselective quinone-Diels-Alder reactions were elusive until it was discovered [12] [13] [14] [15] that the use of Mikami's BINOL-Cl 2 Ti(Oi-Pr) 2 catalyst can give adducts with good enantioselectivity. The scope of this catalysis, however, was restricted to a very limited set of reactants such as naphthoquinone and quinone monoketals. As shown in Figure 5 , the triflic acidactivated catalyst 5a is an efficient and very general catalyst for Diels-Alder reactions of quinone monoketals as dienophiles.
Because of the synthetic importance for the asymmetric Diels-Alder reactions of quinones, the scope of this process was evaluated in detail. The triflimide activated catalyst 8a was found to be an excellent catalyst for Diels-Alder reactions of 2,3-and 2,5-dimethyl-1,4-benzoquinones with a variety of dienes as depicted in Figure 10 .
10 Diels-Alder reactions between unsymmetrical dienes and 2,5-dimethyl-1,4-benzoquinones, which involve regioselectivity as well as enantioselectivity issues, were also tested using catalyst 8a. Although the position selectivity was found to be rather nominal, both regioisomers were formed in excellent enantioselectivities. 10 The high yields and enantioselectivities of these reactions extend to a wide range of other quinones, including mono-, diand trisubstituted quinones. 16 Catalyst 8a was once again found to be the most efficient. The results obtained for the unsymmetrical test diene 2-triisopropylsilyloxybutadiene (9) and five different trisubstituted quinones are displayed in Table 4 . Excellent yields, enantioselectivities and position selectivities were realized.
The products in each case are as expected from the pretransition-state assembly shown in Figure 11 with the help of the following additional information: (a) the diene attaches to the less substituted double bond; (b) C-1 of triisopropylsilyloxybutadiene is more nucleophilic than C-4 and its bonding to quinone is stronger than that of C-4 in the transition state (concerted, asynchronous pathway); (c) C-1 of diene attaches preferentially to the carbon of the quinone which is β to the catalyst coordinated carbonyl group; and (d) an endo, suprafacial addition occurs at sterically unshielded face of the α,β-double bond to form the Diels-Alder adduct.
16
Similar levels with respect to yield and enantioselectivity were observed for the Diels-Alder reactions of di-and monosubstituted quinones with 2-triisopropylsilyloxybutadiene as exemplified in Table 5 and Table 6 , respectively. In these cases also, one positional isomer predominates even when more than one is theoretically possible.
Based on the observation of the results summarized in Figure 10 and Tables 4-6, the following set of selection rules for the prediction of structure and absolute configuration of the products Figure 9 . Products of diels-alder Reactions between trifluoroethyl acrylate and furans Using catalyst 5a or 8a. obtained in Diels-Alder reactions of quinones using catalyst 8a was proposed: (1) For a quinone carbonyl flanked by C α -H and C α -R, the major product will result from catalyst coordination preferentially at the oxygen lone pair on the C-H side a rather than the C-R side b because a is sterically more accessible than b (see Figure 12a ). (2) Catalyst coordination at the more basic of the two 1,4-quinone oxygens will predominate, and this mode will lead to the preferred Diels-Alder adduct (see Figure 12b) . (3) If a double bond of the quinone in 1,3-diene addition bears two hydrogens, it will be more reactive than that bearing substituent(s), especially one or two π-electron donor groups. (4) For monosubstituted 1,4-quinones (or p-benzoquinone itself) , the major product pathway will involve coordination of catalyst at C=O syn to the HC=CH subunit that undergoes [4+2]-cycloaddition (see Figure 12c ). (5) C(1) of 2-triisopropylsilyloxy-1,3-butadiene (9), the more nucleophilic end of the diene, will attach to the carbon β to the carbonyl group that coordinates with the catalyst, i.e., the more electrophilic carbon. (6) The preferred three-dimensional transition state corresponds to the endo arrangement of diene and catalyst-coordinated quinone.
Enantioselective [3+2]-Cycloaddition: Synthesis of Aflatoxin B 2
The ver y positive results obtained with the chiral oxazaborolidinium cations 8a-b as catalysts for enantioselective Diels-Alder reactions encouraged the study of their application to [3+2]-cycloaddition processes. The possibility of such reactions was successfully investigated in the context of developing a simple enantioselective route to the microbial toxin aflatoxin B 2 (10) . As outlined in Scheme 2, addition of 2,3-dihydrofuran (just over 1 equiv) to a solution of triflimide catalyst ent-8a and 2-methoxy-1,4-benzoquinone in a mixture of CH 2 Cl 2 and CH 3 CN at -78 °C and subsequent reaction at -78 °C to 23 °C gave the [3+2] cycloadduct 11 in 65% yield. 17 This was converted in several steps to the isomeric phenol 12, which upon condensation with 2-ethoxycarbonyl-3-bromo-2-cyclopentenone gave aflatoxin B 2 (10) , as shown in Scheme 2. This is by far the simplest known enantioselective route to 10.
Strong evidence that the [3+2] cycloaddition reaction that produced adduct 11 is actually a two step process was obtained from a simple experiment in which a reactive intermediate was trapped. When the [3+2]-cycloaddition was carried out with a tenfold excess of 2,3-dihydrofuran over 2-methoxybenzoquinone, the formation of cycloadduct 11 was suppressed and a new product was formed in an approximately equal amount. The structure of the product was shown unequivocally to be 13 (Scheme 3) by X-ray crystallographic analysis. Since it is likely that 13 arose by trapping of the intermediate 15, a reaction pathway for the formation of 13 that involved 15 as an intermediate was proposed. It is reasonable that both the 1:1 cycloadduct 11 and the 2:1 adduct 13 are formed via the pre-transition-state assembly 14 and intermediate 15. 
Asymmetric Michael Addition to α,β-Unsaturated Enones
The reaction of α,β-enones with silyl enol ethers of esters using proton-activated chiral oxazaborolidines follows a Michael addition but involving α-C-H···O hydrogen bonding instead of formyl C-H···O hydrogen bonding could be invoked to explain the same face selectivity. 21 
Aluminum Bromide-Activated Oxazaborolidines
The discovery of the high efficiency and utility of proton-activated oxazaborolidines prompted the reinvestigation of the earliest approach to the activation of oxazaborolidines by Lewis acids. 1 H NMR spectrum is very similar to that for the proton-activated catalysts 5a and 8a and fully consistent with the analogous structure 21 (Figure 14) .
Diels-Alder Reactions of Various Dienophiles
A comparison of the Diels-Alder reactions catalyzed by AlBr 3 -activated oxazaborolidine 21 with those catalyzed by the proton-activated oxazaborolidines 5a and 8a revealed generally similar results in terms of reaction yield and enantioselectivity. One advantage of the AlBr 3 -activated 21 was that the reaction proceeds well even with only 4 mol % of catalyst, as compared to ca. 10 mol % for 5a and 8a in most instances (possibly the result of less serious product inhibition of the catalytic process). 22 Catalyst 21 can be generated both conveniently and reproducibly using a solution of AlBr 3 in CH 2 Br 2 . The results for the reactions of a variety of dienophiles with cyclopentadiene, isoprene and less reactive heterodienes such as furans are shown in Figure 15 . 22 Excellent results were also obtained for catalyst 21 in DielsAlder reactions of quinones with various dienes (Figure 16 ). 22 
Diels-Alder Reactions of Maleimides
Maleimides are an interesting class of dienophiles that have been utilized successfully for diastereoselective Diels-Alder reactions with a number of chiral dienes. [23] [24] However, despite the usefulness of the products obtained via Diels-Alder reactions using maleimide dienophile, the range of catalytic enantioselective versions of this reaction has been rather limited. [25] [26] [27] Very recently we have developed a catalytic asymmetric Diels-Alder reaction of maleimides using activated oxazaborolidines 8a and 21, which showed broad scope both in terms of dienes and maleimides. 28 Endo-adducts were obtained exclusively (dr >99:1) in very high yield and with excellent enantioselectivity as indicated by the examples in Figure 17 . 
Enantioselective [2+2]-Cycloaddition Reactions
A process for enantioselective [3+2]-cycloaddition reactions involving the π-electron rich vinylic ether 2,3-dihydrofuran using as chiral catalyst the triflimide 8a was described in Section 2.4. It was surmised that vinyl ethers might also participate in enantioselective [2+2]-cycloadditions using the same catalyst. Such a result was first realized with the test reaction of 2,3-dihydrofuran with trifluoroethyl acrylate in the presence of a catalytic amount of the AlBr 3 -activated oxazaborolidine 21, as outlined in Scheme 6. 29 The exo-cycloadduct 22 was produced with near perfect diastereo-and enantioselectivity in 87% yield. Similar enantioselective [2+2]-cycloaddition reactions occur between trifluoroethyl acrylate and silyl enol ether derivatives of ketones as summarized in Table 8 . 29 It is noteworthy that the AlBr 3 -activated catalyst 21 was found to be quite superior for [2+2]-cycloaddition reactions to the triflimide-activated catalyst 8a. Also of interest is the fact that the predominating geometry, specifically endo vs exo CO 2 CH 2 CF 3 substitution, varies with the vinyl ether substrate. 29 It has been proposed that these reactions occur by non-concerted, two-step processes starting from complex 23 and proceeding via the pre-transition-state assembly 24 (Scheme 7), which explain the divergent stereoselectivities shown in Table 8 .
Lewis-Acidic N-Methyl-oxazaborolidinium Cation
Another type of chiral Lewis acid with the oxazaborolidine core is the N-methylated oxazaborolidinium cation 25 (Scheme 8). 30 The cationic species 25 is an efficient chiral Lewis acid catalyst as shown by various Diels-Alder adducts summarized in Scheme 8.
A comparison of catalyst 25 with AlBr 3 -activated oxazaborolidine 21 in the Diels-Alder reaction is outlined in Table 9 . 30 Although higher levels of the N-methyl catalyst 25 are required in order to attain a convenient rate of reaction as compared to the AlBr 3 -activated catalyst 21 (10 mol % vs 4 mol %), catalyst 25 afforded the adducts in similar or higher yield in most cases. Catalysts 5, 8, 21, and 25 produce the same enantiomeric products from a wide range of substrates and appear to function by the same basic mechanism discussed above.
Application of Oxazaborolidinium Cations in Enantioselective Synthesis
Cationic chiral oxazaborolidines have been shown to be extremely useful and versatile catalysts for the synthesis of many biologically interesting complex molecules. 17, [31] [32] [33] [34] [35] This utility has been demonstrated by applications some of which will be outlined in 
Other Applications
Besides the synthesis of natural and non-natural targets, protonated and AlBr 3 -activated oxazaborolidine catalyzed Diels-Alder reactions have also been used for the stereoselective synthesis of woody fragrances like georgyone, arborone and their structural relatives. 34, 42 In addition, very recently our lab has reported the enantioselective synthesis of chiral-bridged dienes, which, by coordination to Rh(I), can serve as excellent catalysts for the enantioselective conjugate addition of vinyl and aryl groups to α,β-unsaturated ketones. 43 
Conclusions
Chiral oxazaborolidines derived from 1,1-diphenyl pyrrolidinomethanol can be activated by protonation (at N) using very strong proton acids [e.g., CF 3 SO 3 H or (CF 3 SO 2 ) 2 NH] or coordination with AlBr 3 (at N) to form very strong chiral Lewis acids. The efficiency of such Lewis acids as chiral catalysts for promoting different cycloadditions, Michael addition, cyanosilylation of carbonyl compounds is reviewed here. The application of these enantioselective reactions, especially the Diels-Alder reaction, for the synthesis of numerous complex natural products and non-natural compounds shows their utility. These reactions were developed only during the last decade and have not yet become standard tools of synthesis. However, the applicability of this class of chiral Lewis acids keeps increasing as evident from a number of reports by our group [43] [44] [45] [46] as well as by other groups [47] [48] [49] [50] [51] [52] which clearly indicate the potential for further development. 
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